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Normal Midbrain Dopaminergic Neuron Development and
Function in miR-133b Mutant Mice
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Midbrain dopaminergic (mDA) neurons control movement and emotion, and their degeneration leads to motor and cognitive defects in
Parkinson’s disease (PD). miR-133b is a conserved microRNA that is thought to regulate mDA neuron differentiation by targeting Pitx3,
atranscription factor required for appropriate development of mDA substantia nigra neurons. Moreover, miR-133b has been found to be
depleted in the midbrain of PD patients. However, the function of miR-133b in the intact midbrain has not been determined. Here we show
that miR-133b null mice have normal numbers of mDA neurons during development and aging. Dopamine levels are unchanged in the
striatum, while expression of dopaminergic genes, including Pitx3, is also unaffected. Finally, motor coordination and both spontaneous
and psychostimulant-induced locomotion are unaltered in miR-133b null mice, suggesting that miR-133b does not play a significant role

in mDA neuron development and maintenance in vivo.

Introduction

Midbrain dopaminergic (mDA) neurons of the substantia nigra
pars compacta (SNpc) and ventral tegmental area (VTA) are crit-
ical for the regulation of motor function and emotion-related
behaviors. mDA neurons are affected in several debilitating neu-
rological disorders including Parkinson’s disease (PD), which re-
sults from selective loss of SNpc DA neurons (Moore et al., 2005).
While much progress has been made (Smidt and Burbach, 2007;
Andressoo and Saarma, 2008; Cookson and Bandmann, 2010),
the molecular mechanisms underlying the development and
maintenance of mDA neurons and their loss in PD have not been
fully elucidated.

Recently, microRNAs (miRNAs) have been implicated in
mDA neuron differentiation and PD (Harraz et al., 2011).
miRNAs are small, noncoding RNAs with diverse roles in ner-
vous system development, function, and disease (Cao et al.,
2006; Im and Kenny, 2012). miRNAs regulate gene expression
by binding to the 3'-UTR of mRNA targets, decreasing mRNA
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stability and protein translation (Bushati and Cohen, 2007).
Deletion of the miRNA processing enzyme Dicer in postmi-
totic mDA neurons in mice causes extensive cell death, sug-
gesting that miRNAs are critical for maintaining the mDA
neuron population (Kim etal., 2007). One miRNA, miR-133b,
was found to be enriched in the midbrain and specifically
depleted in PD patients (Kim et al., 2007). In a mouse embry-
onic stem (ES) cell culture system, miR-133b negatively regu-
lated ES cell differentiation into dopamine (DA) neurons.
miR-133b has been proposed to mediate these effects by tar-
geting Pitx3, a transcription factor required for differentiation
of SNpc DA neurons; Pitx3 mutant mice lack SNpc DA neu-
rons and display severe motor defects (van den Munckhof et
al., 2003). miR-133b is a promising candidate in regulating
mDA neuron differentiation and degeneration, but its role in
vivo has not been determined.

Here we show that the mDA system develops normally in
miR-133b null mice. mDA neuron morphology, number, and
gene expression are unaltered early in development and in
adult and aged miR-133b mutant mice. Whole-tissue levels of
DA, norepinephrine (NE), and 5-hydroxytryptamine (5-HT)
monoamine neurotransmitters in knock-out (KO) striatum
are unchanged, while baseline and amphetamine-induced
extracellular DA release are also unaffected. Furthermore, mo-
tor and anxiety-like behaviors in miR-133b null mice are
equivalent to those of wild-type controls. From these data we
conclude that miR-133b is not critical for mDA neuron devel-
opment or function in vivo. In situ hybridization for mature
miR-133b using locked nucleic acid (LNA) probes revealed
modest expression in the SNpc as well as other brain regions,
suggesting that miR-133b may have as yet undetermined func-
tions in the mammalian nervous system.
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Figure 1.

Generation of a miR-133b knock-out mouse. A, Schematic of miR-133b stem-loop targeting strategy. The box containing miR-133b represents the miR-133b stem-loop region. FLP,

Mouse expressing germline FLP; Cre, mouse expressing germline Cre. Arrows show locations of PCR primers for genotyping. B, Sequence of the miR-133b precursor region flanked by loxP and Neo

cassette. Mature miR-133b sequence is in large letters. (, Southern blot analysis following EcoRl

digestion of WT and correctly targeted ES cell genomic DNA. The 5" probe binding site is indicated

inA. D, PCR genotyping of miR-133b floxed, wild-type, heterozygous, and knock-out mice. E, RT-PCR demonstrates loss of miR-133b stem-loop expression in brain and muscle of miR-133b KO mice.
F, Sequencing chromatogram of WT allele genotyping PCR product. miR-133b is underlined in black. G, Sequencing chromatogram of KO allele genotyping PCR product. The miR-133b precursor has

been deleted following Cre/loxP-mediated recombination. H, Quantitative pre-miR-133b RNA

expression in whole brain and tibialis muscle of 3-month-old WT and KO mice. Expression was

normalized to Gapdh and results were scaled to an average WT value of 1 (muscle); n = 3 WT and 3 KO mice. Average C; values were 28.80 (WT brain), 35.27 (KO brain), 23.46 (WT muscle), and 34.70

(KO muscle). Error bars indicate SEM.

Materials and Methods

miR-133b knock-out mouse generation

miR-133b conditional KO mice were generated by homologous recombina-
tion of a targeting construct containing the floxed miR-133b stem loop in R1
129/Sv] mouse ES cells using standard procedures (Nagy etal., 1993; Heyer et
al,, 2011). A targeting vector containing a loxP-flanked miR-133b stem loop
and a FRT-flanked pGK-Neo cassette was used to replace the endogenous
miR-133b stem loop in ES cells. The floxed stem loop sequence was
5"1oxP" AGGCTTGGACAAGTGGTGCTCAAACTCCAAGGACTTCACA
AGCTTCAGGCTGCAGTCACCTCCAAAGGGAGTGGCCCCCTGCTC
TGGCTGGTCAAACGGAACCAAGTCCGTCTTCCTGAGAGGTTTGG

TCCCCTTCAACCAGCTACAGCAGGGCTGGCAAAGCTCAATATTTG
GAGAAAGAGAAGAGAAGAGAAAATAGCTGCTACAGCCTTGCTT
ATGAAAAGTAATGCTGGTTTTGCCATCATAGCCTT-XhoI-FRT"loxP-3’
(mature miR-133b in bold). Correctly targeted ES cells were identified by
PCR screening and confirmed by Southern blot of genomic DNA. A
correctly targeted clone was injected into C57BL/6] blastocysts, and chi-
meras mated to C57BL/6] mice. Germline transmission was confirmed
by PCR genotyping of tail DNA. miR-133b N offspring were mated to
FLPe deleter mice (The Jackson Laboratory) (Farley et al., 2000) to re-
move the neomycin resistance cassette, and miR-133b " * offspring were
confirmed by PCR genotyping. miR-133b"* mice were crossed with a
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Cre deleter strain (The Jackson Laboratory) (Tallquist and Soriano,
2000) to create a miR-133-null allele, confirmed by PCR genotyping.
miR-133b heterozygous mice were backcrossed to C57BL/6 for at least 8
generations, and all data were from wild-type (WT) and KO mice bred
from miR-133b heterozygotes. Genotyping primers for detecting the
floxed, WT, and null alleles were as follows: 133b-F, CAAGCTCTGT-
GAGAGGTTAGTCAGG; and 133b-R, CTCGACTGCATTTCCATTG-
TACTG (where F is forward and R is reverse). WT and KO bands were
sequenced using the 133b-F and 133b-R primers to confirm deletion and
correct orientation following loxP-mediated excision. Mice were housed
2-5 per cage in an Association for Assessment and Accreditation of Lab-
oratory Animal Care-approved vivarium on a 12 h light—dark cycle. All
experiments were carried out according to approved protocols from the
Duke University and The Scripps Research Institute Florida Institutional
Animal Care and Use Committees.

Antibodies

Mouse monoclonal anti-tyrosine hydroxylase (TH) antibody (1:10,000, Im-
munostar) and rabbit anti-Pitx3 antibody (1:400, a gift from Dr. Marten
Smidt, University Medical Center Utrecht, Utrecht, The Netherlands) were
used for immunostaining and Western blot. Cy3-conjugated anti-rabbit an-
tibody (1:400, Jackson ImmunoResearch) and Alexa Fluor 488-conjugated
anti-mouse antibody (1:400, Invitrogen) were used for immunostaining.
Mouse anti-GAD1 (1:1000, Millipore), goat anti-ChAT (1:1000, Millipore),
anti-B-tubulin (1:5000, Sigma), anti-B-actin (1:5000, Sigma), anti-GAPDH
(1:2000,Santa Cruz Biotechnology), and HRP-conjugated goat anti-mouse
and anti-rabbit (1:5000, Jackson ImmunoResearch) antibodies were used
for Western blot. Western blots of midbrain protein samples were per-
formed using infra-red dye-conjugated secondary antibodies (1:10000, Li-
Cor) and a Li-Cor Odyssey infrared imager.

Tyrosine hydroxylase immunohistochemistry

Two-month-old male WT and miR-133b KO mice were deeply anesthe-
tized with isoflurane (Butler Animal Health Supply) and transcardially
perfused with physiological Ringer’s solution followed by fixative (4%
paraformaldehyde in PBS). Whole brain was fixed overnight, equili-
brated in 30% sucrose, and embedded in O.C.T. (Sakura). Thirty micro-
meter frozen coronal serial sections were collected using a cryostat (Leica
CM1850). Heat-mediated antigen retrieval was performed by autoclav-
ing in 1.8 mM citric acid and 8.2 mm sodium citrate. TH immunohisto-
chemistry was performed as previously described (Johnson et al., 2010).
Montage images were acquired using an Axiolmager microscope fitted
with a motorized stage controlled by the MosaiX functionality within
AxioVision 5.1 software (Carl Zeiss Microlmaging).

Unbiased stereology and cell counting

Unbiased stereological estimation of the total number of TH immunoreac-
tive (TH-IR) cell bodies in the SNpc and VTA was performed using the
optical fractionator method, as described previously (Johnson et al., 2010).
Every second section was collected through the midbrain and every fourth
section was analyzed for cell counting, totaling 10 sections per animal. Cells
at least 10 um in diameter stained for TH were classified as TH-IR. Embry-
onic day (E)18.5 embryos were fixed in 4% PFA overnight at 4°C, equili-
brated in 30% sucrose, and embedded in O.C.T. Frozen 20 wm coronal serial
sections were collected throughout the midbrain region. After heat-
mediated antigen retrieval, sections were incubated with anti-TH and anti-
Pitx3 primary antibodies in 5% normal goat serum, 2% BSA, and 0.1%
Triton X-100 in PBS overnight at 4°C. Sections were incubated with Cy3
anti-rabbit and Alexa Fluor 488 anti-mouse antibodies and mounted with
Fluoro-Gel (Electron Microscopy Sciences). Montage images were acquired
of every second section throughout the rostral region of the SNpc, totaling
five images per animal. All SNpc TH-IR, and Pitx3-IR cells were counted in
each image using the counter tool in Photoshop (Adobe). All analyses were
performed blind to genotype.

Western blotting

Three-month-old male and postnatal day (P)0 WT and KO mice were
killed and whole brain or ventral midbrain dissected and flash frozen in
liquid nitrogen. Tissue was homogenized in RIPA buffer (Sigma) supple-
mented with protease inhibitors (Complete, Roche). Twenty micro-
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Figure2. Detection of miR-133 expression in brain. A—H, Fluorescence in situ hybridization
using antisense or scrambled LNA-DIG probes for mature miR-133b. Blue, DAPI staining of cell
nuclei; Red, DIG detected by Cy3 signal following tyramide amplification. A, miR-133b antisense
probe signal in sagittal section of 3-month-old WT brain. B, D, Enlarged regions in A showing
miR-133b signal in cortex and hippocampus (B) and ventral midbrain (arrow) and neighboring
regions (hypothalamus, pons) (D). C, Signal from scrambled miR-133b LNA-DIG probe. E, F,
Coronal section through midbrain region showing miR-133 signal in substantia nigra pars com-
pacta region, indicated by arrow in inset (F). G, H, Coronal section through 3-month-old miR-
133b KO midbrain region with detectable miR-133 signal in SNpc, indicated by arrow in inset
(H), likely due to miR-133a1 and miR-133a2 expression. Scale bars, 1 mm.

grams of lysate were run on 10-12% SDS-polyacrylamide gels, and
Western blotting was carried out according to standard procedures.
Bands of whole brain Western blots were visualized using ECL Plus (GE
Healthcare Life Sciences) and a LAS-3000 Intelligent Dark Box (Fujif-
ilm). Bands of midbrain Western blots were visualized using a Li-Cor
Odyssey infrared imager. Bands were quantified by densitometry analysis
using Image]J software and normalized to B-actin (for TH and GAD1),
B-tubulin (for Pitx3) or GAPDH (midbrain samples).

RNA extraction and real-time PCR

Three-month-old male and PO WT and KO mice were sacrificed and
whole brain was flash frozen in liquid nitrogen. Total RNA was extracted
using TRIzol reagent (Invitrogen) and treated with Turbo DNase (Am-
bion). One microgram of RNA was used for reverse transcription with
oligo-dT and random primers and AffinityScript enzyme (Stratagene).
cDNA was used for quantitative PCR (Power SYBR Green, ABI 7300
real-time PCR machine, Applied Biosystems). The following intron-
spanning primers were used: Gapdh-F, CATGGCCTTCCGTGTTCCT;
Gapdh-R, TGATGTCATCATACTTGGCAGGTT; TH-F, CTCTCCACG-
GTGTACTGGTTCAGC; TH-R, GGCTGGTAGGTTTGATCTTGGTAG;
DAT-F, GTATGTGGTCGTGGTCAGCATT; DAT-R, CTTTCTCAGGT-
GTGATGGCATAG; GADI-F, CAACCAGATGTGTGCAGGCTAC;
GADI-R, GCGTAGAGGTAATCAGCCAGCTC; ChAT-F, CTTTTGTG-
CAAGCCATGACTGAG; ChAT-R, CATCCATGAACATCTCAGGTGG;
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Pitx3-F, CAGAGGAATCGCTACCCTGACA;
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Neurochemical analysis of whole tissue

Two-month-old male WT and miR-133b KO
mice were deeply anesthetized with isoflurane
and sacrificed by decapitation. Frontal cortex,
nucleus accumbens, dorsal striatum, and thal-
amus were rapidly dissected on a cold plate,
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flash-frozen in liquid nitrogen, and stored at
—80°C for high performance liquid chromatog- C
raphy with electrochemical detection (HPLC-
ECD) analysis. A modified chromatographic
procedure was employed, as described previ-
ously (Pani, 2009). All procedures were per-
formed blind to genotype.

WT

In vivo microdialysis

Ten-week-old male WT and miR-133b KO
mice were deeply anesthetized with tribromo-
ethanol and a stereotaxic apparatus (David
Kopf Instruments) used to intracranially im-
plant microdialysis guide cannulae (CMA?7,
CMA Microdialysis) in dorsal striatum (coor-
dinates in mm: 0.5 anteroposterior, 2.0 me-
diolateral, —1.5 dorsoventral from bregma).
Following recovery for 3-5 days, a microdialy-
sis probe (CMA7, 2 mm membrane length,
CMA Microdialysis) was inserted into the
guide cannula and perfused overnight with ar-
tificial CSF (aCSF perfusion fluid: 145 mm NaCl, 3.5 mm KCl, 2 mm
Na,HPO,, 1 mm CaCl,, 1.2 mm MgCl,, pH 7.4, CMA Microdialysis) at a
flow rate of 0.45 ul/min (CMA Microdialysis 400 syringe pump). The
following day, the flow rate was increased to 1 ul/min for 1 hour before
sample collection. Dialysate samples were collected at 20 min intervals
into vials containing 10% 0.1 M perchloric acid to prevent oxidation of
monoamines. Three baseline samples were collected, 100 um amphet-
amine in aCSF was delivered to the probe by reverse microdialysis, and
four more samples were collected to assess amphetamine-induced neu-
rotransmitter release. Animals were kept on a reverse light—dark cycle,
and all microdialysis samples were collected during the dark—active phase
from freely moving animals. Mice were deeply anesthetized with isoflu-
rane and transcardially perfused, brains were removed and embedded in
O.C.T., and frozen coronal sections were collected from striatum to con-
firm probe placement.

miR-133b KO

Figure 3.

Liquid chromatography and electrochemical detection

Dopamine contents from dialysates were quantified by HPLC-ECD. Ten
microliters of each sample was automatically injected using an Agilent
1100 liquid chromatography apparatus and run on an MD-150 HPLC
column (3 X 150 mm, 3 wm particle size). MD-TM mobile phase (ESA)
was delivered at a flow rate of 0.6 ml/min. Following column separation,
monoamines were detected using an ESA 5021A guard cell, an ESA
5011A analytical cell, and an ESA Coulochem III detector (E;- = +350
mV, E, = —150 mV, E, = +220 mV; filter time constant, 5 s). Charac-
teristic retention times of dihydroxyphenylacetic acid, dopamine, and
homovanillic acid were 3.5, 4.3, and 7.2 min, respectively. Analyte peak
areas were integrated and interpolated from known standards using Agi-

Cell count (x1000) 71 TH-IR cells (x1000)[T1 TH-IR cells

TH  Pitx3 TH+Pitx3
merge

Normal midbrain DA neuron morphology and number in miR-133b KO mice. A, B, TH immunohistochemistry and
Nissl staining of midbrain () and dorsal striatum (B) of 2-month-old WT and KO littermates. €, TH and Pitx3 immunofluorescence
in£18.5 SNpc of WT and KO mice. D, Unbiased stereological counts of TH-IR cells in SNpc and VTA of 2-month-old male mice; n =
4 WTand 5 KO mice. E, Unbiased stereological counts of TH-IR cells in SNpc of 12-month-old mice; n = 7 WT and 5 KO mice. F, Cell
count of TH-IR, Pitx3-IR, and TH + Pitx3 coexpressing cells in SNpc of E18.5 WT and KO mice. *p << 0.05, Student’s t test; n = 3 WT
and 3 KO embryos. Scale bars: 0.5 mmin A, 1 mm in B, and 100 wm in C. Error bars indicate SEM.

lent ChemStation software and GraphPad software. All procedures were
carried out blind to genotype.

Behavioral analyses

Open field. The open field test was performed as described previously
(Pega et al., 2011). Briefly, 3- to 4-month-old WT and KO mice were
placed in automated 16 X 16 inch chambers (AccuScan Instruments) for
60 min. Total distance traveled (centimeters) and time spent in the center
were detected in 5 min bins. Two weeks later, the same mice were placed
in 8 X 8 inch chambers, and distance traveled was similarly detected for
60 min. Three milligrams per kilogram of amphetamine was immediately
administered by i.p. injection, the mice were returned to their chambers,
and locomotor activity was recorded for a further 120 min.

Zero maze. Five-month-old WT and KO mice were placed in the closed
arm of an elevated zero maze indirectly illuminated at 100 lux, and their
behavior was videotaped over 5 min (Pega et al., 2011). The time spent in
the closed and open arms was scored blind to genotype using The Ob-
server software (Noldus).

Dark—light emergence. The dark-light emergence task was carried out
as described previously (Pecaetal., 2011). Three- to four-month-old WT
and KO mice were tested in an automated dual chamber apparatus (Med
Associates) containing a gate between a “light” (1000 lux) and “dark”
chamber. The mice were placed in the dark chamber and the gate lifted,
allowing the mice to freely move between both chambers. The duration
in the light and dark chambers was recorded over 5 min.

Marble burying. Marble burying behavior of 5-month-old male WT
and KO mice was assessed (Deacon, 2006). Twenty-four 2 cm diameter
marbles were evenly spaced on the surface in an 8.5 inch X 16 inch
chamber filled 5 inches deep with aspen shavings. A mouse was placed in
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one corner of the chamber and allowed to move freely. After 30 min, the
mouse was removed and an image taken with a digital camera (Canon).
The number of visible marbles was counted, and the remainder recorded
as the number of marbles buried.

Rotarod. Five-month-old male WT and KO mice were tested on the
rotarod task (Jones and Roberts, 1968). Mice were trained for four trials
per day over 3 days on a rotarod device (Med Associates) at a steady speed
of 24 rpm. The latency to fall was recorded as the time at which the mouse
fell completely off the rod or failed to stay atop the rod. The intertrial
interval was 5 min. On the fourth day the mice underwent an accelerating
rotarod task, where rotation velocity increased from 4 to 40 rpm over 5
min. Performance on the task was assessed by measuring the average
latency to fall off the rod over three trials.

miRNA fluorescence in situ hybridization

Fluorescence in situ hybridization for miR-133b was performed on 16
wm sagittal sections of 3-month-old WT and KO mouse brains accord-
ing to a previously described method using 1-ethyl-3-(3-dimethy-
laminopropyl)carbodiimide fixative to prevent loss of miRNAs (Pena et
al., 2009). LNA oligonucleotides (Exiqon) were labeled with digoxigenin
using a 3"-end labeling kit (Roche). In situ hybridization was carried out
with a miR-133b antisense probe, a miR-124 antisense probe as a positive
control, and a scrambled miR-133b probe as a negative control. Images
were acquired with an Olympus BX51 microscope and the Virtual Tissue
module of Stereo Investigator software.

Statistical analyses

All data were analyzed using Prism software (GraphPad Software). Ste-
reological cell counts, mRNA and protein expression data, zero maze
data, dark-light emergence test data, and rotarod data were analyzed by
an unpaired two-tailed ¢ test. Tissue monoamine levels were analyzed by
one-way ANOVA, and microdialysis and open field data were analyzed
by repeated-measures ANOVA followed by Bonferroni post hoc test. Data
are presented as mean plus SEM.

Results

Generation of miR-133b mutant mice

miR-133b is embedded in an intergenic noncoding gene, 7H4,
located on chromosome 1 (Velleca et al., 1994). loxP sites were
placed around the miR-133b stem loop precursor region, and a
FRT-flanked pGK-Neo cassette was inserted 3’ to the floxed stem
loop (Fig. 1A,B). The targeting vector was introduced into ES
cells, and homologous recombination at the miR-133b locus was
detected by Southern blot (Fig. 1C). Correctly targeted ES cells
were used to generate chimeric mice, and germline transmission
of the targeted allele was confirmed by PCR screening. The Neo
cassette was excised by mating miR-133b"*"*/" mice with a
FLPe deleter strain, and subsequent miR-133b"*" mice were
mated with a Cre deleter strain to remove the miR-133b stem
loop. Floxed, WT, heterozygous, and KO mouse genotypes were
detected by PCR of tail DNA (Fig. 1D), and WT and KO PCR
products were sequenced to detect deletion of miR-133b and
presence of a single loxP site in the KO (Fig. 1F,G). Loss of
miR-133b was confirmed by RT-PCR and quantitative RT-PCR
for the miR-133b stem loop region (Fig. 1E,H). Heterozygous
mice were backcrossed at least eight generations to C57BL/6 mice
and maintained on a C57BL/6 background. miR-133b KO mice were
viable, fertile, and born at a Mendelian ratio. The KO mice appeared
grossly normal, had similar weights and lifespan as their WT littermates,
and did not display any overt behavioral defects.

Detection of miR-133b in brain by fluorescence in situ
hybridization

miR-133b has previously been found to be enriched in midbrain;
however, its precise expression pattern has not been determined.
We performed fluorescence in situ hybridization (FISH) for ma-
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Figure 4.  Unaltered dopaminergic gene expression in miR-133b KO mice. 4, B, TH, DAT,

GAD1, ChAT, Pitx3, and miR-133a7 mRNA expression in whole brain of 3-month-old male (A)
and PO (B) WT and miR-133b KO mice. Gene expression is normalized to Gapdh and results are
scaled to the average value of the WT samples (WT average, 1;n = 4 WT and 4 KO mice). C, TH,
GAD1, and Pitx3 protein expressionin whole brain of 3-month-old male (quantified in D) and PO
(quantified in E) WT and miR-133b KO mice. Western blot bands were quantified by densitom-
etry and normalized to 3-actin (for TH and GAD1) or 3-tubulin (for Pitx3). Results were scaled
to the average value of the WT samples (WT average, 1;n = 4 WT and 4 KO mice). F, TH, ChAT,
GAD1, and Pitx3 protein expression in ventral midbrain of WT and miR-133b KO mice. G, West-
ern blot bands in F were quantified in by densitometry and normalized to GAPDH. Results were
scaled to the average value of the WT samples (WT average, 1;n = 5 WT and 6 KO mice). Error
bars indicate SEM.

ture miR-133b in adult brain using LNA modified, digoxigenin
(DIG)-labeled antisense and scrambled probes (Fig. 2). miR-
133b signal could be observed in many different brain regions,
particularly cortex, hippocampus, and cerebellum (Fig. 2 A, B), as
well as regions neighboring the midbrain such as hypothalamic
and pontine nuclei (Fig. 2A, D). Lack of signal from a miR-133b
scrambled probe suggested that these regions were not stained
due to nonspecific binding (Fig. 2C). Consistent with previous
reports of biochemical enrichment in midbrain, we did detect
moderate miR-133b expression in the SNpc region of ventral
midbrain (Fig. 2E, F). However, some signal from the miR-133b
antisense probe could still be detected in miR-133b KO brain,
including the SNpc (Fig. 2G,H). The orthologs of miR-133b,
miR-133al, and miR-133a2 only differ by one base from miR-
133b and, although not found to be enriched, have also been
biochemically detected in brain and midbrain. Thus, signal from
the miR-133b antisense probe in various regions of miR-133b KO



10892 - J. Neurosci., August 8, 2012 - 32(32):10887—10894

Heyer et al. @ Normal Midbrain Dopaminergic Neurons in miR-133b KO Mice

brain is likely due to binding to the re- A B
marning rle-l33 family members.. . <7000 Dorsal Striatum ~ Jwr £ 5000 Nucleus Accumbens
Detection of miR-133b expression in 6000 HKO S 4000
. . 2 5000 S
SNpc by FISH, together with previous 4000 g 3000
findings that miR-133b is enriched in 33909 2 fggg
midbrain and expressed in ES cell-derived 21003 2,
DA neurons in vitro, warranted furtherin- @ S N\ (0355 @‘?? 2 ¥ F W %g’s\ @V?
vestigation into its function in the mid- & t ® o
brain dopaminergic system in vivo. C D
%400 Frontal Cortex %250 Thalamus
The midbrain is morphologically £ 300 = ?(5)8
unchanged in miR-133b mutant mice 3200 2100
miR-133b has been shown to negatively % 100 ﬁ 50
regulate dopaminergic neuron differenti- £ 0 £ 0
guial , S ¢ &F O & S > ¢ F L & &
ation in cultured mouse ES cells (Kim et & s 9 QOQv &KL {O;z\?? e S0 062? NG 6®??
al., 2007); therefore, miR-133b KO mice
. E Fis
might be expected to have altered num- 1500 Hvoothalamus o
bers of mDA neurons. The general mor- 2 ° P <10 -
phology of the midbrain and striatum of 21000 91 |
2-month-old male KO mice was indistin- 3 509 EX
guishable from those of WT mice (Fig. ‘g, .
. . £ 0
3A,B), Whlle morphology and ur.lblased S ¢ F L W& «o"é \gy T o o o i
stereological counts of TH-IR cellsin VTA L < Time (mins)

and SNpc were also unchanged (Fig.
3A,D).miR-133b is selectively depleted in
the midbrain of PD patients; if loss of
miR-133b contributes to PD pathogene-
sis, deletion of miR-133b could lead to de-
creased numbers of DA neurons in aged
mice. We found no difference in midbrain
TH-IR cell number in 12-month-old WT and KO animals (Fig.
3C,F), suggesting that loss of miR-133b does not cause degener-
ation of mDA neurons. To determine whether KO mice have
abnormal DA neuron development that is corrected postnatally,
TH-IR cells were counted in E18.5 WT and KO SNpc. No differ-
ence was observed in number or morphology of TH-IR cells (Fig.
3C,F), consistent with normal development of DA neurons. A
small increase in the number of Pitx3-IR cells was observed in the
KO (Fig. 3F), suggesting that miR-133b may target Pitx3 in vivo.
However, the number of cells immunoreactive for both TH and
Pitx3 was equivalent in WT and KO (Fig. 3F), suggesting that the
increased number of Pitx3-expressing cells in KOs does not have
a major influence on mDA cell fate.

Figure 5.

Midbrain dopaminergic neuron gene expression is unaffected
in miR-133b mutant mice

While miR-133b does not appear to regulate the differentiation
of DA neurons in vivo, it could act by regulating expression of
genes that affect neuron function but not cell number. Therefore,
we quantified the expression levels of several genes important for
mDA neuron function. TH, DAT, and Pitx3 transcripts were at
WT levels in neonatal and adult KO brain, and levels of GADI
and ChAT, expressed in GABAergic and cholinergic midbrain neu-
rons, respectively, were also unchanged (Fig. 4 A, B). Furthermore,
expression of the related miRNA, miR-133al, was unaltered in
KO brain. Since many miRNAs act post-transcriptionally, miR-
133b deletion could affect protein expression without altering
transcript levels. However, no difference in neonatal or adult
brain TH, GADI, or Pitx3 protein levels was observed between
WT and KO animals (Fig. 4C-E). To more specifically determine
whether dopaminergic, GABAergic or cholinergic neurons had
altered protein expression in midbrain, TH, GAD1, ChAT, and
Pitx3 levels were quantified in WT and KO ventral midbrain, and

Unchanged monoamine neurotransmitter levels in miR-133b KO mice. A—E, Neurochemical analysis of whole-tissue
monoamine contents in dorsal striatum (A), nucleus accumbens (B), frontal cortex (), thalamus (D), and hypothalamus (E) from
2-month-old male WT and miR-133b KO mice; n = 8 WT and 7 KO mice. F, Neurochemical analysis of baseline and amphetamine-
stimulated extracellular DA levels in dorsal striatum of 3-month-old male WT and KO mice. Amphetamine at 100 v was contin-
ually infused via reverse microdialysis after 40 min (arrow); n = 9 WT and 8 KO mice. Error bars indicate SEM.

no difference was observed (Fig. 4F, G), suggesting that global
expression patterns in brain and midbrain are not affected by loss
of miR-133b.

Monoamine neurotransmitters are unaltered in miR-133b
mutant mice

To evaluate whether the activity of mDA neurons was altered in
miR-133b KO mice, whole tissue monoamine neurotransmitter
levels were quantified by HPLC-ECD. Levels of DA, NE, 5-HT,
and their metabolites were unchanged in dorsal striatum (Fig.
5A), nucleus accumbens (Fig. 5B), frontal cortex (Fig. 5C), thal-
amus (Fig. 5D), and hypothalamus (Fig. 5E) of KO mice. To
determine whether extracellular DA release was altered following
miR-133b deletion, baseline and amphetamine-stimulated dor-
sal striatal microdialysis perfusates were collected from 3-month-
old WT and KO male mice, and DA levels were quantified by
HPLC-ECD. Baseline and amphetamine-induced DA release was
equivalent between WT and KO samples, with both exhibiting a
similar increase in extracellular DA upon administration of am-
phetamine (~20-fold above baseline), followed by a gradual de-
cline (Fig. 5F). These data suggest that miR-133b does not
regulate total DA neurotransmitter production in mDA neurons
or DA release in dorsal striatum.

Locomotor and anxiety-like behaviors in miR-133b mutants
are similar to those of wild-type mice

Movement and motivation-related behaviors are directly linked
to mDA neuron function. To determine whether miR-133b KO
mice have an underlying defect in the midbrain dopaminergic
system, mice underwent a battery of behavioral tests. KO mice
exhibited spontaneous locomotor behavior in the open field test
that was indistinguishable from that of WT mice (Fig. 6A). The
response of KO mice after injection of the psychostimulant am-
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4-month-old WT and KO mice in the open field test; n = 12 WT and 12 KO mice. B, Amphetamine-induced locomotor activity of 3-
to 4-month-old WT and KO mice in the open field test. Three milligrams per kilogram of amphetamine was administered by i.p.
injection at 60 min (arrow); n = 9 WT and 11 KO mice. ¢, miR-133b KO mice spend more time in the center of the open field
chamber during the first 30 min of the open field test; *p << 0.05, Student’s t test. n = 12 WT and 12 KO mice. D, Time spent by 3-
to 4-month-old WT and KO mice in the open arm of the elevated plus zero maze over 5 min; n = 18 WT and 13 KO mice. £, Number
of marbles buried beneath bedding by 5-month-old male WT and KO mice after 30 min; n = 13 WT and 9 KO mice. F, Time spent
inthelight versus dark chamber by 3- to 4-month-old WT and KO mice in the dark—light emergence test over 5 min;n = 15WTand
10KO mice. G, Average latency to fall of 5-month-old male WT and KO trained on a rotarod at a fixed speed of 24 rpm for 4 trials per
day over 3 days. H, Latency to fall from an accelerating rotarod (4 — 40 rpm) on the fourth day, averaged over 3 trials; n = 13 WT

and 9 KO mice. Error bars indicate SEM.

phetamine, which elevates extracellular DA levels, was also simi-
lar to that of WT mice (Fig. 6 B). KO mice spent more time in the
center of the open field during the first 30 min of the test as
compared to WT mice (Fig. 6C), suggesting a decrease in anxiety-
like behavior. mDA neuron dysfunction in mice has been found
to cause generalized anxiety (Zweifel et al., 2011); to test whether
KO mice were less anxious, behavior was observed in the elevated
zero maze test (Fig. 6 D). KO mice exhibited anxiety-like behavior
equivalent to that of WT, preferring to spend less time in the open
arms of the maze. The behavior of KO mice did not differ from
that of WT in the marble burying test (Fig. 6E) or dark-light
emergence test (Fig. 6F), which are both tests of anxiety-like
behavior. Finally, motor coordination and learning were evalu-
ated in the rotarod test. Mice were trained over three days to stay
on top of a rod rotating at a fixed velocity, and KO mice learned
the task as easily as their WT counterparts (Fig. 6G). Motor co-
ordination was tested further on the fourth day as the rod accel-
erated to its maximum velocity. The performance of KO mice was
equivalent to that of WT mice, as assessed by the duration of their
attempt to stay on the rod (Fig. 6 H). Therefore, miR-133b KO
mice appear to have normal motor and anxiety-like behaviors,
consistent with appropriate midbrain dopaminergic neuron
function.

could be expected to inhibit neuronal dif-
ferentiation in a broad manner without
having a specific role in DA neurons.

Second, while not found to be en-
riched, expression of the miR-133b para-
logs miR-133al and miR-133a2 has also
been detected in the midbrain (Kim et al.,
2007) and could compensate for the loss
of miR-133b. miR-133al expression was
not altered in miR-133b KO brain, while
miR-133a2 expression was below our de-
tection limits. Therefore, the lack of miR-
133b does not appear to feed back to increase expression of its
paralogs, although we cannot rule out the possibility of compen-
sation by existing levels of miR-133a in midbrain. miR-133al and
miR-133a2 double KO mice have recently been reported (Liu et
al., 2008). It will now be possible to generate mice with a triple
deletion of miR-133al, miR-133a2, and miR-133b to determine
whether the miR-133 family of miRNAs is important for brain
development and function.

We have found that miR-133b is expressed in the SNpc region
of midbrain, in addition to many other brain regions, including
cortex, hippocampus, and cerebellum. Recently, cell type-specific
miRNA biochemical purification combined with deep sequenc-
ing has shown that miR-133b is expressed in GABAergic neurons
of cortex and cerebellum (He et al., 2012). This method will be
critical for teasing apart the specific expression patterns of miR-
133b, miR-133al, and miR-133a2 in various neuronal subtypes
and brain regions. The specific functions of miR-133b in these
cell types may subsequently be explored using the constitutive or
conditional miR-133b knock-out mouse lines described here.

There is growing evidence that miRNAs are implicated in neu-
rodegenerative disorders (Hébert and De Strooper, 2009), pre-
senting new possibilities for therapeutic intervention (Seto,
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2010). miR-133b depletion in the midbrain of PD patients led to
the hypothesis that loss or dysfunction of miR-133b could pro-
mote PD progression (Kim et al., 2007). However, we did not
detect mDA neuron degeneration or impaired motor function in
aged miR-133b KO animals. Moreover, no association has been
found between miR-133b genetic variants and PD (de Mena et
al., 2010). These results suggest that miR-133b depletion may not
be causal in PD neurodegeneration; rather, loss of mDA neurons
during disease progression would necessarily lead to a reduction
in levels of miR-133Db, along with other genes expressed in mDA
neurons. However, we cannot exclude the possibility that a de-
crease in miR-133b may enhance the susceptibility of mDA neu-
rons to neurodegeneration resulting from PD or toxic insults.
This could be tested in the future by comparing PD-like disease
progression in WT and miR-133b KO mice following MPTP or
6-OHDA treatment. Although miR-133b does not appear to play
a causal role in midbrain neurodegeneration, loss of all miRNAs
in mDA neurons in vivo does cause profound neuronal cell death
(Kim et al., 2007). Therefore, other miRNAs expressed in mDA
neurons may act alone or in concert to promote neuronal devel-
opment and survival. In vivo analyses of these miRNAs may pave
the way for novel therapeutic strategies in PD and other disorders
of the mDA system.
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